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ABSTRACT 


A series of experiments were conducted to investigate the effects of metallized 
fuel composition on the combustion characteristics of solid fuel ramjets (SFRJ). 
Metallized fuels were burned ın a two dimensional SFRJ motor under conditions 
similar to the actual flight conditions proposed for solid fuel ramjets. Pressure, air inlet 
temperature and flowrate measurements were taken using an automatic data 
acquisition system. High speed motion pictures were taken of the interior of the 
combustor during the burning of the solid fuel through two viewing windows located in 
the recirculation zone and just prior to the aft mixing chamber where the boundary 
layer was more fully developed. Tests were conducted at mass fluxes of 0.2 and 0.5 


? sec, with pressures ranging from 57 to 200 psia and with a nominal inlet air 


lbm/in 
temperature of 1100°R. 

The surface of most fuels had a characteristic shedding of small, unignited flakes. 
The flakes are thought to be binder material, and were more prevelent at lower 
pressures. Occasional shedding of large surface layers was observed, especially during 
motor E Metallic surface agglomerations appeared to interact strongly with 
these irregular surface layers. Large magnesium particles exhibited the expected bright 
ignition characteristics. Boron particles were not observed, apparently because they 


Were smaller than the resolution limits of the motion pictures. 


IIT. 


TABLE OINGONTENTS 


ERZE A er retra 11 
EI O da iaa a eer sans 13 
Dar DERENGNEOPERATING PRESGIPLE 7... 13 
B. ENGINE AND COMBUSTION CHARACTERISTICS OF 
nee 15 
E ee 5 
A ADS A یی ا تا‎ hys 18 
ZE 0 Rr GG 21 
N E  73007 21 
اھ خت‎ ۳۱۷ ۳ 0۸ ۷۳۰۷۷۰۰۰۷۹ EEE rre eae 21 
EM buereeuc Dertormance Fuels... asit «or as 2l 
ZSEE oMELSKOWCharaciersties of Metalhzed Fuels ............. 23 
EO GRIRONOPAPPARATPUS 0+ 0 25 
A DISENO NAL SERISMOTOR ...o..oco o... ..... 25 
AO AN 29 
O ne a 31 
LOL OL een ee ans پمیر‎ 32 
EE S s aCODISDLIPIONSYSEEM eer e Re y 32 
ES nbeidonsohethe Iramsdueers +... cop sees ce eee ee as 32 
2. cdam PX R ae Set UDS TEL os Sede a ee ewe ee a2 
3. im MA CUIO MN ace uon CHUA ua eer 65٦ 33 
۴ا‎ Rae OCTET SON ES) ba Sh) ۸0 ۹ٰ۹ +0 34 
5٠٠٠٠٠٠٠٠۱٠٦٦٦۱۸) ۸۸۱٢۷ ٢۸5 ینتا‎ m RR RR XR I tmt 34 
Pe eet Mr TITOD ee 90 40 
Hre RN EA O DISCUSSION e Ur EE EE ERR RR IIR tI . 2 
ا من‎ 1 0) ۳ nen een . 42 
B. SUMMARY OF TEST RESULTS AND MAJOR 
ASIS OS NO MINS 0 o ک‎ „AŚ 


٠۰ B,C/Me/pelyterrallusroeihylene/Zrbinderzr E 44 
2. B¿C+10%/Mg-10%/polytetrafluoroethylene'Zr'binder ....... 45 
3. B¿C+15%/Mg-20%/polytetrafluoroethylene/Zr, binder + 5% .. 47 
4. B¿C/Mg-2%/polytetrafluorocthylene/Zr + 2%0/binder ......... 49 
3. ByC’Mg-5%/polytetrafluoroethylene/Zr + 5%o/binder ......... 50 
6. By + 15%/Mg-30%/polytetrafluoroethylene + 5%; Zr/binder + 10% 
Te Boc Yo/ Nig-20°%/polytetrafluoroethylene + 5°%0/Zr/ binder + 10% 
8. ByC + 15% / Mg-35%/polytetrafluoroethylene + 10%0/Zr/ binder + 10% 
9. “DETCMON were ne a 111111111 TES ٥٦٣ 57 
VI. COACLUSTONS AND RECOMMENDA TON eee 65 
APPENDIX Ar SAMPLE COGMPUTERPERINNOGRZZC )یسپ‎ پ٦‎ 67 
APPENDIX B: SUMMARY OF MOTOR TEST CONDITIONS ..... 2... 68 
APPENDIX C: SUMMARY OF OBSERVA TON COIT 72 
LIST OF REFERENULS 11-1:1 ACE 1% 
LNLTIAE DISTRIBUTLIONJIBISI EN 78 


51 
p 
56 


Lm 
. 


mn 


o u 


1:005 


APER mol ENERGETIC FUEC CANDIDATES FOR THE SFRJ 


MEINES o MOM کے‎ ym eraty 24 
GUED NOZZLE DIAMEMERS CINCIIES) 2.2... Rene 29 
| BOCSCOFRMIORAIRANDGASES -. eer متا مات‎ 32 
IMO TED VS OI SE 37 
OE OL ULE AS wai, CS E e ener ا وی بعر اتا‎ 4] 
EFFECT OF PRESSURE ON IGNITION CHARACTERISTICS AT 

A n NS o razaazad kiki 44 
EFFECT OF PRESSURE ON IGNITION CHARACTERISTICS AT 

rr 45 


11 
2 
22 
pus 
2.4 
5 
2.6 
Du 
Sym 
353 
3.4 
33 
3.6 
37 
3.8 
07 
3.10 
DOM 
5102 
5.1 
5:2 
339 
5.4 
0 
5.0 
0 
5.8 
SR 


LIST O 705 


Performance Range of Ramjets (Adapted (Tom REL EE سپ‎ 11 
Ramjet Airflow Diagram at Desin Mach Number seers ys 14 
Solid Fuel Ramjet Engine (Rel S P I AN 16 
Flow Field in the Flame Stabilization Region (Rei O s. W 
Typical Flamability Limits for the SERI (Rel 5: Pr S2) )/)/ ںں/پ‎ 0 17 
Stagnation Temperature vs. Fight Mach Number. ARE 19 
Heat olf Combustion iof Elements (Rem ۰ ٥ 4ص‎ 23 
SFRJ Funcnonal Bleck Dagram "c TT 0 26 
Schematie of the SPRPMote(RELNBEP ggg. 27 
SFRJ Motor Side View ٣۰۲۱۰ 1321110751021611 Ed eee 0۹پ‎ 28 
Viewing WIndows on the LET SUE OI lle ZZ 99س ٔ' ١ؤ 'ؤ‎ 28 
Schematic of the N ıtiated Air lleater 2. ۷۷۷۷۷۷۷۶۰۰۰۰000 30 
Data. Acquisition Systeme toos ےجا‎ ۰ 99 
Computer and Panta... ں٦‎ 34 
Remote Control Panel.. sean e e +١ + +۳۷8 0۲8َ0 ٢٢+ 0س‎ SE D» 
Front and Rear View ol EI CAM IS +١ ZEE 35 
instalation of tlhe Two IYCANFEAMEGAS EPPO 9۶9۹۹) 37 
M agnilication vs. Distance irom Subject Eee 38 
Depth of Field vs. f/stop tor Mai 8111111313100 3 
NWC-8/Recirculation Zone/Low GjHligh Poo... eee eee eee eee eee . 46 
NWC-8;Recirculation Zone/Low Gy hig c ١١ 2207 
NWC-11/Recirculation Zone/Low G/High BR ne 0 a . 48 
NWC-11/Boundary Layer Low G IIL ٠٠١ +11110 . 49 
NWC-14; Recirculation Zone, LówGGMELN ANN +10 ا5‎ 
NWC-14/Recirculation Zone/ LOW GIL ٠٦1١١ 52 
NWC-14/Boundary Layer/ Low Gig U 72 ELLE LE Xu 
NWC-14; Boundary Layer/ Low G/High Warren or cco ae 5 
NWC-l4/Boundary Layer; Low G, Ilici pe e 54 


Ca Cn Un w QM CA Qi in in in On 


O پس‎ mk p سم‎ p سم‎ pm ah m m 


© 


© © 60 8 QN tn E U KR R 


OU daa o eee. 54 
a Recirculation Zone, ow Gyiligh Pi... 226.1... 22s eee ee بت‎ >> 
„vwe-19/Recirculation Zone,low GiHigh P...... 1... cece eee eee eee 56 
MI E A ERR as E 
ES Beeireulation Zone/ bow Gy High P... سیب‎ rr RR mme 58 
NWC-19 Recırculation Zone/Low G/High Be TURN ND SHOE aie 59 
nlt 5oundarydPavendeovs E bligh Porro set IIIS 60 
NME-2 1 Recirculation ZoneyLow G/High P....ooooooocommmm.msoo roo... 61 
ARC-2#1/Recirculation Zone, Low G/Low Po... cee eee eee eee ee eee 62 
ARCSXLRecirculation Zone/Low G Low P. .....-..... esse eee seeee. 63 


ARC-22£2 Boundary Layer/Low G, High P, 


ACKNOWLEDGEMENTS 


I would like to express my appreciation to Professor David W. Netzer for his 
invaluable guidance and assistance without which this project couldnt have been 
completed. Appreciation is also expressed to Professor R. Wood for his interesting 
comments on the results of this project. Special thanks to Mr. P. J. Hickev and Mr. 


Don Harvey for their technical assistance. 


10 


I. INTRODUCTION 


The ramjet, so called because of the ram actıon that makes possible ıts operation, 
is one of the oldest of the family of jet propulsion systems. Because of its 
characteristics it is considered as one of the most promising jet engines for the future 
propulsion of missiles or aircraft at supersonic speeds. The ramjet employs no moving 
parts and consequently it is simple, relatively inexpensive to fabricate and it can obtain 
high flight speeds that cannot be obtained by other airbreathing propulsion systems. It 
uses inlet air as a sourse of oxygen and therefore its fuel efficiency is high. 
[Refs. 1,2: pp. 349, 4] 
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Figure 1.1 Performance Range of Ramjets (Adapted from Ref. 3). 


As far as the fuel is concerned there are two main types of ramjet engines, the 
liquid fuel ramjet (LFRJ) and the solid fuel ramjet (SFRJ). Several characteristics of 
the solid fuel ramjet indicate that it may be superior to other forms of propulsion for 


tactical weapons used at intermidiate ranges and supersonic speeds [Ref. 4: p. 7]. But 


M 


in order to be an effective propulsion system, the solid fuel ramjet has to demonstrate 
combustion stability and efficiency inside the expected operating envelope of altitudes 
and Mach numbers. 

Various solid fuels have been studied and used during the past decade of 
development of the solid fuel ramjet. Non-metallized fuels have received considerable 
attention and their behavior has been reasonably well characterized. Metallized fuels 
(Boron, etc) can offer significant gains in performance for applications in which 
exhaust smoke ts not a factor. Little is known about the combustion characteristics of 
these fuels and, therefore, no models are available for conducting trade-off and design 
studies. Fundamental data are needed about the effects of fuel composition and flow 
environment on the surface and gas phase combustion process in order to provide the 
input to practical combustion / regression rate models. 

This investigation was directed at obtaining some of the needed fundamental data 
on surface regression and particle burning characteristics as influenced by the air mass 
flux (G), operating pressure and the fuel composition. Data were obtained by an 
automatic data acquisition system and pictures were taken with two high speed motion 
picture cameras. Analysis of the results of the experiments revealed a variety of 
interesting combustion events, related to the surface regression and particle burning, 


which affect the combustion efficiency and the losses of the SFRJ. 
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Il. BACKGROUND 


A. RAMJET ENGINE OPERATING PRINCIPLE 

The ramjet engine is the simplest air breathing power plant. It consists mainly of 
a diffuser, through which air is admitted to the engine and in which the velocity is 
reduced and ram pressure is developed, a fuel injection system (liquid fuel ramjets) with 
which fuel ıs introduced, vaporized and distributed, and a combustor which includes a 
flameholder, a combustion zone where heat is released and a nozzle through which the 
burned gases are ejected rearward at high velocity (see Figure 2.1). The liquid fuel 
ramjet engine generally requires a fuel control system to adjust the fuel flow rate as the 
air flow rate varies with missile altitude and flight speed. In the solid fuel ramjet the 
fuel 1s inside the combustor, around the wall, in the form of a perforated cylinder to 
permit air to flow through it. No fuel injection or control system is required. In 
addition, for both the LFRJ and the SFRJ, an auxiliary power plant, usually a rocket, 
must be provided to accelerate the missile or the aircraft to a speed at which the ramjet 
can provide useful thrust. [Ref. 3] 

Figure 2.1 illustrates schematically the operation of a ramjet engine. It is 
assumed that the engine is immersed in a uniform air stream. ! A portion of the air 
stream enters into the combustor (internal flow), reacts with the fuel and expands out 
the exhaust nozzle. The result of this is a net axial force on the vechicle, collinear with 
the longitudinal axis of the engine, acting in the forward direction (oposite to the free- 
stream velocity Vy). This is called the gross thrust (Eg). The net thrust (F,) is the 
vector summation of the gross thrust and the external drag (D,) which is a net axial 
force arising from the interactions between the external flow and the external surfaces 


of the ramjet engine: 


٣٢ ے٢ (]۔‎ . (eqn 2.1) 


. lThis description is for an inlet air stream with the same diameter as the 
projected frontal area of the inlet. At anv other Mach number or angle of attack the 
inlet air stream will generally be less than the projected frontal area. The axial 
SO BORN of the integral of pressure over the surface area of the external stream tube 
results in a drag term, called additive drag. 
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Figure 2.1 Ramjet Airflow Diagram at Design Mach Number. 


Since the external drag is related to the missile's aerodynamics, it not discussed here. 
The gross thrust is equal to the difference between the values of the stream thrust for 
the internal flow measured at stations 4 and 0 respectively, less the product of the 
ambient pressure p, times the difference between the cross-sectional areas A, and Ag 


(see Figure 21): 


Fa =£ Ff, PA Ay). (eqn 2.2) 
It can be shown that the above equation can be written: 

Fg 7 m,V,-mgVo* A4(p4-pg). (eqn 2.3) 
By defining the effective jet velocity (V) as 


n A (P4-D9)/m,, (eqn 2.4) 
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and noting that m,- my + mę and f= Mp My (where me ıs the fuel mass flow rate and f 


is the fuel-to-air ratio), the previous equation for the gross thrust can be written as: 
Fg = My (CF DV Vo-1). (ean 2.5) 


For a fixed geometry ramjet engine the gross thrust, and consequently the net thrust, is 
a function of the flight altitude, flight Mach number, fuel-to-air ratio and effective jet 
velocity. The later depends on the area ratio and efficiency of the exhaust nozzle, the 
total pressure (P,) and the total temperature (T,). The total temperature depends on 
the fuel-to-air ratio and the type of fuel burned. Since the combustor has no moving 
parts it can be subjected to high temperatures and stoichiometric fuel-to-air ratios may 
be utilized. [Ref. 1: pp. 352-368] 


B. ENGINE AND COMBUSTION CHARACTERISTICS OF THE SFRJ 

The solid fuel ramjet (see Figure 2.2 [Ref. 5]) in general consists of a hollow 
cylinder in which a cylindrical fuel grain, often with circular port cross-section, 1s 
placed |Rel. 6: p. 5]. 


The principles underlying the combustion of the SERJ are: (1) developing a 
stable, high temperature recirculation zone to ensure flameholding; (2) providing 
a combustor length-to-diameter ratio adequate to permit full flame Spreading 
within the combustor; and (3) achiving satisfactory mixing of vaporized fuel an 
air to ensure complete reaction before the combustion gases exit through the 
exhaust nozzle. [Ref 7: p. 12] 


Usually the following geometry is employed (see Figure 2.2): 
l. Head End 
The head end consists of the air inlet and the rearward facing step. As the 
inlet air enters the combustor, a sudden expansion occurs at the rearward facing step 
which provides the flame stabilization (see Figure 2.3 (Ref 8]). The flame stabilization 
(flameholding) is very important in the solid fuel ramjet for two reasons. First, the port 
velocity is very large because the solid fuel ramjet (usually) operates at relatively low 
chamber pressure, and second, the oxygen for the combustion is provided by the 
incoming air, which corresponds to a severly diluted oxygen. [Ref. 9] 
There are three parameters that affect the combustion limits for a given fuel 
composition (see figure 2.4). The first is the ratio of the fuel port area (Ap) to the area 


of the air injector (A;). Combustion can be sustained if the injector area (A;) 1s 


15 





٦01930 
9NIXIW 13V 





001 
4IV 8 


u3AV I 
AuNVaNnog NI 3WV 13 
۷۷۷۱۹٢310 11 





XJLYOA — IN3uHOVLIV3H AQV3ISH 


NOTIVZTIIAVIS 7 3ا‎ 
003 7212 
NOLLYVINƏYIJdY 
] 7123 


075 
ْ ۵۸ 


MTV 
141NI 





Figure 2.2 Solid Fuel Ramjet Engine (Ref. 5: p. 43). 
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Figure 2.1 Typical Flamability Limits for the SFRJ (Ref. 5: p. 52). 


sufficiently small with respect to the port area (Ap), which means that a large step 
height (h) is needed. However, the larger is the step height, the larger the losses in inlet 
stagnation pressure [Ref. 10: p. 1]. Inlet stagnation pressure losses reduce the overall 
performance of the solid fuel ramjet. Recearch by the United Technologies in the field 
of flame stabilization led to the development of inlets, such as the tube-in-hole injector, 
which minimize the required inlet step height and decrease the effects of inlet distortion 


[Ref. 4: p. 7]. The second parameter is the velocity in the fuel grain port, which is 
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controlled by the ratio of the fuel port area (Ap) to the nozzle throat area (A,). If the 
port velocity exceeds some limiting value, blowoff occurs. The third parameter is the 
inlet air stagnation temperature (see Figure 2.5) which in turn is a function of flight 
Mach number and altitude. At higher flight Mach numbers, the stagnation temperature 
of the air is higher, so flame stabilization is achieved more easily. The maximum value 
of the flight Mach number is limited by the structural limits of the missile (see figure 
1.1). Figure &temp shows the effect of flight Mach number and altitude on the 


stagnation temperature, based on the assumption that y = 1.4 and on the formula: 


T= TI (eqn 2.6) 


where: 

T, = stagnation temperature 

To= temperature at a given altitude 
Y^ Cy C, 


Cp^ specific heat at constant pressure 


C, 7 specific heat at constant volume 


Mg 7 flight Mach number 
2. Main Combustor Section 

The main combustor section is a hollow cylinder which contains the solid fuel 
grain. 

Ihe sudden expansion, discused already, generates two distinct flowfields 
within the fuel grain. In the first one, the recirculation zone, whose size is determined 
by the hight of the rearward facing step, the flow is highly turbulent and fuel rich. This 
hot gas region provides the energy necessary for sustaining the combustion process 
which must occur further downstream [Ref. 10: p. 1]. In the second flowfield 
(downstream of the flow reattachment) a boundary layer flow is formed along the fuel 
grain. The free stream along the center-line of the engine is oxygen (air) rich, and the 
gas near the wall is fuel rich. The result of this is a diffusion flame within the boundary 


layer relatively close to the fuel surface. Due to that diffusion flame, heat is transferred 
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Figure 2.5 Stagnation Temperature vs. Flight Mach Number. 
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by convection and radiation to the solid fuel which causes vaporization or 
decomposition of the fuel. The gaseous fuel products of this process react with the air 
and burn in the gas phase. [Ref. 6: p. 5] 

The regression rate of the solid fuel (rate at which the solid fuel recedes during 
the combustion), is determined mainly by the air mass flux in the combustor and by 
the inlet air temperature. Since these parameters vary as a function of the altitude and 
Mach number of the missile, the regression rate in the SFRJ combustor varies in flight. 
As the flight altitude increases the air mass flow rate decreases and consequently, the 
fuel flow rate is automatically reduced. This phenomenon makes the SFRJ exibit a 
degree of self-throttling. [Ref. 7: p. 16] 

The fuel regression rate is proportional to the total heat transfer from the 
diffusion flame to the surface of the solid fuel. The convective heat transfer depends 
primarily on the air mass flow and on the air temperature. The radiative heat transfer 
is a function of the combustor pressure, combustion zone thickness, and flame 
temperature. Analysis of several hundred tests, most of which employed an all 
hydrocarbon fuel made by the United Technologies / CSD [Ref. 7: p. 16], showed that 
the regression rate of the solid fuel can be derived from the following semiempirical 


equation: 


t (Quot Qu 7 (G JUR Duo (1-4 P6 JE (eqn 2.8) 


where: 

r = regression rate 
O = convective heat transfer 
QUE — radiative heat transfer 

G = fuel port mass flux 

T, = air temperature 


a 


D = port diameter 


a = constant of proportionality 
P = combustion pressure 
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Tf = flame temperature 
6 = diffusion zone thickness. 


Usually the self-throttling is not enough to maintain optimum fuel-to-air ratio 
as the altitude and or the Mach number is varied. Some control of the fuel regression 
rate may be possible through the use of swirl generators and or variable bypass air 
designs. [Ref. 6: p. 7] 

3. Aft Mixing Chamber 

A portion of the fuel that leaves the surface of the grain never reaches the 
diffusion flame. It remaines below the flame near the wall. The boundarv laver exits 
from the aft end of the fuel grain and may result in decreased combustion efficiency if 
the fuel is not consumed before entering the exhaust nozzle. The combustion efficiency 
can be increased if an aft mixing chamber downstream of the fuel grain is used. This 
allows additional chemical reaction of the unburned fuel to take place. To promote 
mixing in that region and to increase the allowable fuel loading, a portion of the inlet 
air is sometimes bvpassed to the region aft of the fuel grain [Ref. 10: p. 2]. 

4. Exit Nozzle 

The nozzle converts the enthalpy of combustion into kinetic energy 
[Ref 11: p. 111] to provide the required thrust for sustaining the mussile s forward 
motion. It is often considered to be part of the combustor, because it is often 
convenient to manufacture the two components as part of the same assemblv. Usually, 
a fixed throat area nozzle is emploved for the ramjet engine. However, the use of a 
two-position nozzle could optimize the ramjet performance for two different thrust 
levels. It is also possible to design continuouslv variable nozzles that could optimize 
the performance at all flight conditions. In practice, however, the complexity and the 


weight of such nozzles rarely justify these approaches. [Ref. 2: p. 3$] 


C. METALLIZED FUELS 
1. High Energetic Performance Fuels 
Most often the SFRJs employ hydrocarbon (HC) fuels, usually polymers, e.g., 
polybutadiene (PB), polyethylene (PE), polymethylmetacrylate (PM{M-"Plexiglas”), etc. 
They have been used extensively and, therefore, are well understood. However, the use 


of highly metallized fuels can provide higher energetic performance. [Ref. 6: pp. 5, 10] 
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The evaluation of the energetic performance of an air breathing engine is 
based on the criteria of the specific impulse sp? and thrust specific fuel consumption 


(TSFC). For convenience, however, usually the static specific impulse (I... .) is used as 


Sp,S 
a measure of combustor performance. For a ramjet engine the static specific impulse is 
proportional to the heat release per unit mass of fuel (qp), also called heat of 
combustion, which is calculated in terms of the standard enthalpy change during a 


complete reaction with gaseous oxygen: 
qp 7 -AH" p. (eqn 2.9) 


The negative sign is used because the enthalpy of reaction is negative for an exothermic 
reaction. Thus, the energetic performance of a ramjet propulsion system can be 
characterized by the energy released per unit mass of the fuel (-AH ^ p). However, in 
many SFRJ svstems, limitations on the space availability for the solid fuel indicate that 
the energy release per unit volume, also called energy density (-pAH Rn), should be 
used as the main criterion in selecting the appropriate fuel combination. [Ref. 6: pp. 
1-4] 

Figure 2.6 [Ref. 6: p. 12], presents the heat of combustion of elements with 
oxvgen per unit mass and per unit volume. For comparison, represetative values for a 
hydrocarbon fuel of a general formula CH, (i.e., polyethylene or polybutadiene) which 
represents a high energy hydrocarbon with -AH ^p 7 10.5 kcal/g, are also shown. 
Berilliun (Be) and boron (B) exibit higher energy of combustion per unit mass and per 
unit volume than hydrocarbons. However, there are a number of other solid elements 
with high energy densities, but relatively low heat of combustion per unit mass. 
[Ref. 6: pp.11-15] 


Metal hydrides may be very attractive as the the existence of hydrogen in their 
molecule usually increases the heat of combustion per unit mass over that of the 
metal itself. S the metal hvdrides berillium hydride has the highest heat of 
combustion per unit mass (18.13 kcal g), higher than any metal. The solid borane 
B „H,,) also exhibits very high heat of combustion per unit mass (over 15.5 
«cA gt: owever, most metal hydrides have very low density (usually less than | 
cc) hs for zirconium hydride (ZrH.) with û = 5.67 g/cc and titanium hydride 
(TIH,) with p= 3.9 g/cc. [Ref. 6: p. 16] 


Metal alloys and other metal compounds may have an advantage over the 


corresponding mixing of the individual elements when considering density, availability, 
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Figure 2.6 Heat of Combustion of Elements (Ref. 6: p. 12). 


and ignition and combustion characteristics. In adition they may have very high 
energetic potential. Boranes, metal-metal compounds, carbides, and metal phosphites 
are the most interesting metals. [Ref. 6: pp. 16-22] 

Manufacturing and combustion process considerations should be taken into 
account for the final selection of fuel ingredients for the SFRJ. Table 1 [Ref. 6: p. 29] 
shows the most energetic fuel candidates for the SFRJ. 

2. Combustion Characteristics of Metallized Fuels 

Regardless of the promising potential, the practical use of the highly 
metallized fuels for the SFRJ presents severe problems associated with complex 
burning phenomena, affecting the energy generation process which may result in poor 
SFRJ performance. 

Combustion studies of metallized fuels for SFRJs have shown that even 
though the flow characteristics are similar for both the non-metallized and the 
metallized fuels, there are some differences that characterize the combustion process of 
solid fuel formulations highly loaded with metal particles. [Refs. 12,13: pp. 6-11, 20-40] 

Metal particles tend to accumulate and can form relatively large agglomerates 


on the surface of the solid metallized fuel prior to their ejection into the gas stream. 
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TABLE 1 
THE MOST ENERGETIC FUEL CANDIDATES FOR THE Si Rue ia 


-AH R 
(kcal/g) 


AIB,, (alloy) 





Even though the particles or fragments that leave the fuel surface are very hot, they 
usually do not ignite until they are away from the surface into the oxygen rich region 
of the combustor. The ignition takes place abruptly and creates a bright flame bursting 
from the particle, which releases most of the energy. The boundary layer gas phase 
diffusion flame is closer to the surface and not as intense as that of non-metallized 
fuels, and probably plays a less important roll in the overall combustion process. 
[Ref. 12: pp. 2-16] 
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HI. DESCRIPTION OF APPARATUS 


In general, a two-dimentional solid fuel ramjet motor with a vitiated air heater, 
an igniter and a purge gas system, controlled by a remote station, have been used (see 
Figure 3.1), A digital data acquisition system with a computer and appropriate 
software and a printer were used for the adjustments, automatic control, data 
acquisition, and data reduction. Two HYCAM 16 mm high speed motion picture 


cameras were used for taking pictures inside the motor during the burn time. 


A.  IWO-DIMENTIONAL SFRJ MOTOR 
The two dimensional motor had four basic sections (see Figures 3.2 and 3.3 ): 
l. The head-end with air inlet and rearward facing step 
2. The main combustion section 
3. The aft mixing chamber 
۰ nozzle. 

The head-end had a flow straightener followed by inlet step blocks which reduced 
the flow height. Two pairs of blocks were available providing inlet step heights of 0.25 
or 0.325 inches. 

The motor chamber was 2.5 inches wide. The solid fuel slabs were placed on the 
bottom and on the top walls, so it was possible to take pictures of the space between 
them. The length of the fuel slabs was 16 inches. The port height (distance between 
opposing fuel slabs) was about | inch, depending on the thickness of the fuel slabs. 
One of the side walls of the motor had three viewing windows (see Figure 3.4) 
positioned at the reattachment point, the mid-chamber and just prior to the mixing 
chamber (in the boundary layer combustion region). The first and the third of these 
windows were used for taking pictures of the interior of the motor, simultaneously, 
during burning of the solid fuel. These viewing ports consisted of 0.25 inch Plexiglas 
windows, an air injection system to purge the windows and metal shields to partially 
cover the window ports to prevent the windows from fowling or burning during the 
combustion process. The air purge system consisted of a high pressure bottle with 
compressed air (P > 500 psia) which was controlled remotely through a valve. The air 
flowed through a sintered ring which was located beteen the Plexiglas and the metal 


shield of the viewing window. The metal shield was a 1.5 inch diameter steel plug with 
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Figure 3.4 Viewing Windows on the Left Side of the SFRJ. 
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a 0.5 inch hole drilled in it to allow viewing of the metallized fuel surface. In a previous 
investigation nitrogen had been used instead of air, but it was found to quench the 
combustion process. The mass flow rate of purge gas for the viewing windows was 
adjusted through local manual controls before firing. The fine adjustment of the mass 
flow rate of the purge gas for the front viewing window proved to be of great 
importance because with a low mass flow rate it was impossible to keep the window 
clean and with a high mass flow rate it was impossible to 1gnite the motor. 

The aft mixing chamber (downstream of the fuel) was a chamber with dimensions 
mE cromo Fiere the reacnon between the [uel and the air was enhanced 
due to better mixing and increased residence time. 

The nozzle block was at the end of the motor. Various diameter carbon nozzles 
could be inserted into the nozzle block. The exit nozzle diameter was used to adjust the 
pressure inside the combustion chamber for any specified air mass flowrate, and also to 


keep the combustion process within the flammability limits. 


TABLE? 
CARBON NOZZLE DIAMETERS (INCHES) 





Table 2 shows the diameters of the carbon nozzles that were utilized. 


B.  VITIATED AIR HEATER 

A schematic of the vitiated air heater system used to simulate actual flight 
conditions for the solid fuel ramjet is shown in Figure 3.5. It was designed to supply 
air at any desired mass flow rate within the system limitations (about 4 lbm/sec) and at 
any temperature up to approximately 1500°R. The heater output was connected to the 
input of the solid fuel ramjet. High pressure (3000 psi) air tanks were the primary air 


supply and the mass flow rate was regulated by means of a sonicallv choked 
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Figure 3.5 Schematic of the Vitiated Air Heater. 


converging nozzle. As the air was passing through the choked flow nozzle, P, and T, 
1 1 


were meassured. Using these measurements the computation of the mass flowrate was 


accomplished using conservation of mass for choked sonic flow: 


. Y A y 
m. ken) i DESDE UIS i Tu (Ibm; sec) (eqn 3.1) 


where: 


F, = (Y(2/(y+ py + D/(r-1)) ) (eqn 3.2) 


A 2 
A' -(nd )4 (in?) (eqn 3.3) 


d = sonic choke diameter 


EN SEN EE EO e 
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R = individual gas constant 


=>) 
1 


measured temperature (^R) 


ES 
ll 


measured pressure (psia) 
= +" 2 
pe c 32.2 bm li SEC) 


Or in another form: 


«2 
mjr = CDP, (mA) KM/VT,, (eqn 3.4) 


where: 


See J Rig, ). (egn 3.5) 


The vitiated air heater was fueled by bottled gaseous methane (CH,). Bottled 
oxygen (O) was used to replace that consumed in the combustion process. The 
adjustments of the mass flowrate of the heater fuel and oxygen were made through 
sonic chokes and set pressures according to the choked sonic flow formula described 
above. 

Table 3 gives the values of KM for the different gases that were used in this 


project for heating, ignition, and purging. 


C. . IGNITER 

Two ethylene-oxygen torches were used for the ignition of the SFRJ combustor. 
The torches were directed into the recirculation zones in the across-motor direction. 
Lthylene was also injected into the recirculation zone at the inlet steps to aid the 
Ignition process. 

The mass flowrate of the ignition gas (ethylene) was also controlled through a 
sonic choke and a set pressure according to the choked sonic flow formula. 

Once the motor was ignited, the torches and ethylene were shut off and the SFRJ 


fuel was allowed to burn unaided. 
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TABLE 3 
VALLES OF KM FORA AD ASS 





D. PURGE SYSTEM 
Nitrogen (N5) was used as the purge gas. As the motor run was terminated by 
dumping the air upstream of the combustor, nitrogen gas was passed through the fuel 


grain for about 3-6 seconds to ensure extinguishment of the combustion. 


E. DATA ACQUISITION SYSTEM 

A 3054A computer based Hewlett-Packard acquisition and control system was 
used (see Figure 3.6). The main parts of this system are a HP-9836 computer system 
(see Figure 3.7), a 3497A data acquisition and control unit, and two A/D integrating 
voltmeters (HP-3456A and HP-3437A). [Ref. 14] 

l. Calibration of the Transducers 


The following pressures were measured with strain gage transducers: 


a. P4: Air sonic choke pressure 

b. Po: SFRJ chamber pressure 

C. Php: Air heater fuel sonic choke pressure 

d. Pho: Air heater oxygen sonic choke pressure 


e. Pig: SFRJ ignition fuel sonic choke pressure. 
2. Mass Flow Rate Set-Ups 
The set-up of the following mass flow rates was easily made with the 
computer before the firing by means of set pressures: 


a. (Air mass flowrate) 


Mair 
b. mpg (Air heater fuel mass flowrate) 


c. mpg (Air heater oxygen mass flowrate) 
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Figure 3.6 Data Acquisition System. 


d. Mir (SFRJ ignition fuel mass flowrate). 


3. Data Extraction 
After each run the following data were displayed by the computer as a 
function of time (every 0.5 seconds): 


a. m4,;, (Air mass flowrate) 


b. mpg (Air heater fuel mass flowrate) 

c. Mpo (Air heater oxygen mass flowrate) 

d. me (SFRJ ignition fuel mass flow rate) 

e. T; (Temperature at SFRJ motor air inlet) 
f. PQ (SFRJ chamber pressure) 

g. Ph (SFRJ head-end pressure) 
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Figure 3.7 Computer and Printer. 


h. T, (Temperature at the air sonic choke). 


a 
Appendix A shows a typical printout where the above data and also other 


information related to each experiment are contained. 


F. REMOTE CONTROL PANEL 

Figure 3.8 shows the control panel used for the remote operation of the SFRJ. 
Initiation of the vitiated air heater and the air flow through the SFRJ were made 
manually. All other test operations were programmed and accomplished by the 


computer system. 


G. HYCAM 16 MM CAMERAS 

The two HYCAM 16 mm cameras used in this work (see Figure 3.9) were high 
speed motion picture cameras manufactured by Red Lake Laboratories. 

The design of these cameras is based on the idea of a high speed rotating prism 
which is combined with a shutter and a film sprocket on a single shaft driven by the 
film, simulating a drive belt on the take-up motor. The film transport has a film 
capacity of 400 feet of standard thickness film on daylight loading spools and also it 
can accept 100 and 200 foot daylight loading spools. In this project the 100 feet 
capacity was used. [Ref. 15: pp. 3, 4] 
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Figure 3.9 Front and Rear View of HYCAM 16 mm Cameras. 
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The HYCAM speed control ıs a solid state electronic closed loop servo system 
which can be manually set to control frame rates. Speeds up to 11000 picures per 
second (PPS) can be obtained [Ref. 15: pp. 4, 9]. For these experiments a speed of 
6000 PPS has been used. The exposure time is given by the formula [Ref. 15: p. 13]: 


Exposure Time = Shutter Exposure Ratio X (l/Frame Rate) 


For a shutter exposure ratio equal to 1/2.5 and a film speed equal to 6000 PPS the 


exposure time Was: 


Exposure Time = (1/2.5) X (1/6000 PPS) ~ 67 usec. 

One of the HYCAM cameras was equipped with a dual emitting diode (LED) 
timing system, and the other one was equiped with a NEŻJ neon lamp timing system, 
for the recording and annotation of film data. 

The HYCAM cameras have been designed to withstand moderate vibrations and 
to operate in any orientation [Ref. 15: p. 7]. In this project the camera that was used 
for the viewing window of the reattachment zone was installed horizontaly and the 
other one was installed normaly (see Figure 3.10), in order to match the large size of 
the two cameras with the small distance (12 inches) between the two viewing windows. 

The operations of the two cameras were made simultaneous by a double remote 
control switch in the control room. 

Two zoom-Nikkor 35-105 mm f/3.5-4.5 lenses were used for these cameras. The 
lenses were mounted on the cameras in reverse through C-mount macro adapter rings 
to improve the image quality and the working distance between the front of the lens 
and the subject. 

Because of the fact that the information given by the the lens operator’s manual 
was for normal installation, experimental data were extracted prior to the installation 
of the cameras for the magnification as a function of the distance between the film 
plane marker on the carrying handle of the cameras and the subject (see Figure 3.11). 
A magnification of 1:1 was desired in the present investigation. From Figure 3.11 this 
magnification required a distance of 30 cm between the film plane and the subject. 

The depth of field was also experimentally determined for different f/stops as 


shown in Table 4 and Figure 3.12. 
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Figure 3.10 


f. stop | Depth of Field (mm) 
3 | + 3.7 

5.6 2-2.1 

8 TED 

11 +89 

16 £ 10.6 

22 SIDE 


Instalation of the Two HYCAM Cameras. 


. 753 





0 ) ۰۴٢۳ 











CURVE 


MAGNIF LOCAL LO 


LENS 


O°} 





UE Una 01 OO 


(193( 80 * JOUWI) NOIISGOIAINS9UM 


Figure 3.11 





Magnification vs. Distance from Subject. 


38 


25.0 30.0 SS. OU 40.0") ۹۱۰۰۱٣ 


۷۶۵ 


Juas 


٤‏ ۹ھ 


M) 


29 


DISTANCE FROM FILM TARNE 


(MM) 


ix 14 9 9 ۹ ٔ ۵۶ 


Figure 72 





CZE ERU 22 24 
Po Or 


Depth of Field vs. f/stop for 1:1 Magnification. 


39 


IV. EXPERIMENTAL METHOD 


Nine different solid metallized fuels were investigated (see table 5). They were 
provided by the Naval Weapons Center (NWC) and the Atlantic Recearch 
Corporation (ARC). 

The fuel compositions had varying amounts of B,C, Mg, polytetrafluoroethylene, 
zirconium and binder. The metal contents were typically between 50% and 70% by 


weight. In Table 5 the composition order is given in the following sequence: ? 


B,C/Mg/polytetrafluoroethylene/Zr/binder. 

The reference condition as. 

B,C/Mg/poly/Zr/binder (equal parts B,C and Mg. Minimum 
quantities or no polytetrafluoroethylene 
and zirconium). 


The solid fuel was placed on the bottom and on the top sides of the two-dimensional 
motor in order to make it possible to take pictures of the interior of the SFRJ motor 
during the combustion process. It was in the form of slabs 16 inches long and 2.5 
inches wide. The thickness was 0.25 inches. Because of the fact that only limited 
quantities of metallized fuels were available, only the bottom side was covered with 
metallized solid fuel. It was 16 inches long and the width was usually 1 or 1.5 inches. 
The rest of the bottom side was filled with zecorez or HTPB solid fuels. The top side 
was covered also with zecorez or HTPB. Pictures of the surface or of the space close to 
the surface of the metallized solid fuel were taken at the reattachment point and just 
prior to the mixing chamber. 
Two air mass fluxes (G) were investigated: 
a. G ~ 0.2 lbm/sec-in* (Low G) 
b. G ~ 0.5 Ibm/sec-in? (High G) 


These mass fluxes corresponded to air mass flow rates of 0.5 and 1.25 lbm/sec. 


*An exception to this nomenclature was the fuel supplied by ARC. 
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TABLE 5 
۰۱۷۲۰۲۰٣٣٠۱7۱٦٢٢ FUELS 


EUEPFTYPE PROVIDED BY | REFFER. 
NUMBER 
B,C, Mg poly 77 NWC 
(equal parts B,C and Mg. Minimum quantities 
or no polytetrafluoroethylene and zirconium). 
(Refference condition). 
B,C + 10%/Mg-10% ‘poly; Zr: binder 


BC + 15% / Mg-20%'poly/Zr, binder + 5% 

B,C) Mg-2% ‘poly Zr + 2%, binder 

B,C; Mg-5%) poly’Zr + 5%, binder 

ByC + 15% /Mg-30%/poly + 5%/Zr/binder + 10% 
B;C+ 5%; Mg-20%;poly + 5%, Zr,binder + 10% 
BC + 15%, Mg-35%, poly + 10%/ Zr, binder + 10% 
B Teflon 





For each air mass flux, a test was attempted for each fuel under a high and a low 
combustion pressure. 

The inlet air temperatures were between 993 and 1234 ° Rankine. 

The inlet height was 0.35 in. ? 

The motion pictures were observed using a stop action projector to examine the 
surface and adjacent gas flow combustion phenomena and also to analyze the size, 


trajectories and velocities of the particles. 


*For the experiment NWC-24 the inlet height was 0.5 in. 
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V. RESULTS AND DISCUSSION 


A. MOTOR OPERATION 

In general a two-dimentional SFRJ combustor is more difficult to operate than 
an axısymmetrical one because of the heat loss to the side walls and the lack of 
sufficient gaseous fuel and heat generation within the recirculation zone. In almost all 
of the high G and in some of the low G experiments, especially with low combustion 
pressures, it was difficult to sustain the combustion process after the ignitor was shut 
off, even with the inlet step blocks that provided the small inlet area (0.35 in X 2.5 in). 
This problem was corrected in some of the low G tests by using a smaller nozzle throat 
diameter in order to obtain a higher combustor pressure (P,). * Motor inlet air 
temperatures higher than 1264 ”R were not attempted in order to protect the system 
from damage due to high temperature. 

When the inlet step height (h) was too small (fuel thickness more than 0.25 
inches and/or inlet height equal to 0.5 inches) it was often imposible to stabilize the 
flame. However, the value of Ap/Ai could not be increased more than about 
(1% 2.5),(0.35 X 2.5) 2 2.86 with existing hardware and the fuel slabs could not be 
thiner than 0.25 inches. Smaller inlet areas would have resulted in excessive inlet 
velocities. 

During practically all of this investigation the two-dimentional motor was 
operated with uninsulated side-walls and with a five-second air pre-heat time before 
ignition. These conditions resulted in ignition difficulties at all pressures with high G 
and at low pressures with low G. At the conclusion of the investigation a solution to 
this problem was found. One side wall (opposite to the window ports) was insulated 
with black Plexiglas and the air pre-heat time was increased to ten seconds. These 
modifications resulted in succesful tests at high G with both high and low pressures. 

Appendix B shows the conditions under which the solid metallized fuels were 


tested and the ability of the fuel to ignite and sustain under those conditions. 


+The combustion pressures ranged between 57 and 185 psia. 


>The average motor inlet air temperature was 1088 °R 
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Inzuallv, problems were encountered with the two viewing windows. The 
irogen used as the window purge gas was quenching the combustion process, so 


pr 
compressed air was substituted for nitrogen as the window purge gas. Use of the 
compressed air helped. but the problem did not disappear at the front viewing window. 
With high window purge air mass flow rate at the front viewing window. the 
combustion process was quenched and with lower mass flow rate the window was 
fowled and burned. In order to solve tnis problem. after the first six experiments. the 
1.5 incnes diameier sintered ring between the Plexiglas window and the steel plug was 
replaced with a steel ring with six drilled holes to allow the flow of air through them 
Another sintered ring of a smaller diameter (0.3 inches) was placed between the 
Plexwelas and the 0.3 inch drilled hole of ihe steel plug. This design proved quite 
acceptable from the s:and point of ignitability of the fuel and cleanliness of ihe viewing 
windows. 


Appendix B shows the test conditions and the igmition behavior of each fuel 


T 


sted. Tables 6 and 7 show how the pressure affected the ignitabilitv of the fuels for 


o 


oth hieh and low mass fluxes. Appendix C gives a. summary of what has been 


O 


bserved in tne films. Films were not obtained for all the experiments for one or more 
of the ہت‎ reasons: (1) Sometimes only the top-side fuel ignited, (2) With the old 
window purge system, the windows almost always burned before the pictures could be 
tabem. (5) سس‎ the solid fuel would not sustain more than a few seconds, and (-) 


Sometimes the films were taken after shutdown. 


B. LU: 7ئ‎ OF TEST RESULTS AND MAJOR OBSERVATIONS FROM 


SUM: 
FILMS 
A more detailed description of the combustion characteristics of each fuel for 
different iest conditions is given below. The flow in the pictures is from right to left 
and the scale is approximately 11:1. 

In the films discussed below, some common characteristics were observed. When 
glowing white particles were ooserved, they were assumed to be ignited particles. 
Particles which were orange in color (mucn like the surface of many of the fuels) were 
assumed to be hot, but unignited. These assumpiions are based upon present and past 
Observations in which particles sometimes are observed leaving the surface with an 
orange color and then, after passing into the Oxygen containing gases well above the 
surface, ignite into a white glowing parücle. Also observed in most of the films was a 


shedding or ejection of dark, unignited small flakes of material. Since they were 


TABLE 6 
EFFECT OF PRESSURE ONIGNITIONZEHZRAGTERISIHIES 77 ٦ 


FUEL # NO IGNIT. 16 ۹ٰ 7 SUSTAIN 


TABLE 5 IGNIT. SUS 


PRESSURE PRESSURE PRESSURE PRESSURE PRESSURE 
(psia) (psia) (psia) (psia) (psia) 


100 
148/86 
74/84 
150,775 
140/183 
156 

192 

148 
149/95 





4 
5 
1 
2 
3 
6 
7 
8 
J 


observed for fuels of widelv different metallic content it was presumed (although not 
known)that thev were binder material. Larger flakes/layers were observed which 
contained hot particles. 

In earlier studies it has been observed that when particles ignite, their apparent 
diameter increases by approximately a factor of four. If this remained the case in the 
present study, then typical observed particle sizes (within the flame envelope) were 
between 10 and 175 um, with an occasional very large particle of approximately 750 
jum. Smaller particles may have been present, but were beyond the resolution limits of 
the motion pictures. 

1. B4C/Mg/polytetrafluoroethylene/ Zr/binder 

This solid fuel was tested only for low G and low combustion pressures. Two 
experiments were done (NWC-6 and NWC-7), with combustion pressures equal to 74 
and 84 psia respectively. The first time (NWC-6) the fuel ignited and sustained but 
films were not obtained because the windows were (quickly) burned (old window purge 
system). The second time (NWC-7) the experiment was done under the same 


conditions, and the new window purge system was used which insured clean viewing 


-= 


7 
EFFECT CINES SAO SNS SINO CHARACTERISTICS AT HIGH G 


FUEL # NO IGNIT. 6) SUST. SUSTAIN 


TABLE 5 AIR AIR IGNIT. AIR SUST. 

ONLY ONLY ONLY 

PRESSURE PRESSURE PRESSURE PRESSURE PRESSURE 

(psia) (psia) (psia) (psia) (psia) 
138 


200/73 


155 
190/94 





4 
5 
1 
2 
3 
6 
7 
8 
9 


180 


windows. However, the films did not show anything because the metallized fuel was 
not burning during the time the pictures were taken. 
2. B,C+ 10%/Mg-10% /polytetrafluoroethylene/ Zr/binder 

Three experiments were conducted with this solid fuel, for low G and both 
high and low combustion pressures. 

In the first experiment (NWC-8) the combustion pressure was about 153 psia. 
The fuel ignited and sustained very well under these conditions. Films were obtained 
for both the recirculation zone and the boundary layer region. In the recirculation 
zone the fuel surface was glowing. Surface agglomerates were not observed. Many 
individual glowing metal particles were coming out of the fuel surface. They were of 
two kinds: small ignited (white) particles (see Figure 5.1) with an average diameter 
equal to 0.6 mm, and larger unignited (yellow/orange) particles with a maximum 
diameter observed equal to about 1.5 mm. A lot of thin surface flakes were observed 
that did not ignite when they entered the gas phase zone (see Figure 5.2). Their size 
was apporximately 0.10 X 0.10 mm. Once-in-a-while large flakes were ejected from the 


fuel surface. The largest flake observed had dimentions 1.0 mm X 1.5 mm X 0.2 mm 
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Figure 5.1 NWC-8/Recirculation Zone/Low G/High P.. 


thick. When thev left the fuel surface they would disintegrate and form smaller non- 
burning flakes. The film taken in the boundary layer region showed a lot of small, and 
some large, burning white particles in the gas phase region. Some vellow particles were 
stuck on the surface or were rolling on it. Sometimes they ignited to become white. 
Medium and large sized flakes were occasionally observed coming from the surface. 

In the second experiment (NWC-9) the conditions were the same as the 
previous one (NWC-8), but the lenses were focused on a point closer to the viewing 
window. The surface was tapered at the focusing point and a larger apperture was used 
(5.6) in order to see how the apperture effected the quality of the pictures. 6 In this 


run the fuel ignited and sustained easily with a combustion pressure equal to about 150 
psia. 


Comparison of the pictures showed that f'stop ll gave A SLE than 8 
and 5.6 for 6000 PPS. However f/stop larger than 11 has not been tested. 
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Figure 5.2 NWC-8/Recirculation Zone, Low G/High P.. 


In the third experiment (NWC-10), a low pressure run was attempted. With 
an air-only pressure equal to about 32 psia the fuel did not ignite. With an air-onlv 
pressure of about 41 psia it ignited and sustained an average pressure equal to 75 psia. 
During the pictures the metallized fuel was not burning and so the films did not show 
anvthing. 

3. B,C + 15% /Mg-20% /polytetrafluoroethylene/Zr/binder + 5% 

Three experiments were conducted with this fuel for low G, with combustion 
pressures equal to 140 psia (/:NWC-11), 183 psia (NWC-13), and 71 psia (NWC-12). 

In the first experiment the fuel ignited easilv at an air-only pressure of about 
62 psia and sustained a steady state pressure of 140 psia. In the recirculation zone a lot 


of small ignited (white) and unignited (glowing, orange) particles were observed. 
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Figure 5.3 NWC-11/Recirculation Zone, Low G/High P.. 


Compared with the B,C+10%/Mg-10%/polytetrafluoroethylene/Zr, binder, more 
particles were observed but with smaller sizes (on the average 0.18 to 0.40 mm). More 
tiny surface flakes were also.observed. Once-in-a-while some large flakes came off of 
the surface. A large agglomerate was observed close to the viewing window. [t was 
glowing, and once-in-a-while ignited metal particles were emitted as shown in Figure 
5.3. In the boundary layer region the main characteristic was a lot of medium sized 
ignited (white) particles in the gas phase. Their diameters were between 0.12 and 0.25 
mm. Many very small ignited particles were also observed in the gas phase. Their 
diameters were about 0.05 mm. The burning particles were following low trajectories, 
sometimes in contact with the fuel surface. Figure 5.4 is characteristic of the boundary 
layer region behavior. Surface agglomerates were not observed. Occasionally some 
small, nearly circular flakes left the surface and remained unignited. The largest of 


them had a diameter equal to 0.5 mm. 
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Figure 5.4 NWC-11; Boundary Layer/Low G;High P.. 


The second experiment (NWC-12) was at low G and low pressure. With 
combustion pressure equal to about 65 psia the fuel ignited easily but it would not 
sustain. With an average combustion pressure equal to 71 psia only the HTPB was 
burning. The pictures were taken when the metallized fuel was not burning. and so 
information was not obtained about the characteristics at the low G, low pressure 
conditions. 

The third experrment (NWC-13) was made with low G and high pressure 
because it was believed that during the NWC-11 experiment the pictures had been 
taken after the purging of the fuel, and also because metal particles had not been 
observed in the exhaust flow. During this experiment (NWC-13) the metallized fuel 
ignited quickly at a pressure equal to about 183 psia. The film in the boundary layer 
region showed a few ignited (white) particles and a lot of large flakes. 

4. B4C/Mg-2% /polytetrafluoroethylene/ Zr + 2% /binder 

This fuel was tested with high and low G conditions, at both high and low 
combustion pressure. 

The first time (NWC-1) it was tested at high G and different pressures. For 
an air-only P.=48 psia the fuel did not ignite. For P,7138 psia it ignited and 


sustained. Film was not obtained of the recirculation Zone because the window was 
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burned. In tha boundary layer region the film showed many high speed small particles 
(diameter ~ 0.1-0.45 mm). A few larger white/vellow ignited particles (1.6-3 mm) were 
observed close to the fuel surface and in the gas phase. Some medium sized flakes were 
observed at the end of the film (probably during the shutdown). 

With high G and low pressure (76 psia) it barely sustained. Pictures were not 
obtained because the viewing windows were burned. When the combustion pressure 
was raised slightly (91 psia) the fuel ignited easily but it did not sustain more than 1.0 
second (NWC-3). 

For low G and high pressure (100 psia) the fuel ignited and sustained 
( NWC-4) but the pictures were taken after the purging of the fuel. For low G and low 
pressure (67 psia) the fuel ignited easily but it did not sustain for more than 2.0 
seconds (NWC-5). Film was obtained onlv in the recirculation zone. It was taken 
during the shutdown. A lot of small white and pink colored particles were observed. 

5. B¿C/Mg-5% /polytetrafluoroethylene/Zr + 5% /binder 

This fuel was tested at high and low G conditions, and each time with high 
and low combustion pressure. 

For low G and high combustion pressure (148 psia) the fuel ignited easily and 
sustained (NWC-14). The film in the recirculation zone showed many small (0.1 mm) 
and large (0.5 mm) ignited particles (see Figure 5.5). Flakes were observed during 
shutdown with glowing particles embedded in them (see Figure 5.6). In the boundary 
layer region many small (0.1 mm), and periodically some larger, ignited particles were 
observed in the gas phase. Periodic shedding of large flakes occurred. Large 
agglomerates Were created on areas where the fuel surface was not smooth (see Figures 
5.7 and 5.8). These large agglomerates existed for awhile and then left the surface 
together with unignited surface material (see Figures 5.9 and 5.10). Near the motor 
shutdown, more small particles were observed. 

For low G and low combustion pressure (NWC-15) the fuel ignited. It would 
not sustain for P,=69 psia but sustained for P.=86 psia. The pictures were taken 
during the shutdown. In the recirculation zone and in the boundary layer region many 
very small particles were observed (0.04 mm) and some larger ones (0.7 mm) were 
observed in the gas phase. 

The high G and high pressure experiment (NWC-26) was conducted with the 
vertical side of the motor opposite to the viewing windows insulated with black 


Plexiglas. Also, the motor was preheated with the hot inlet air for about 10 seconds 
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Figure 5.5 NWC-14, Recirculation Zone/Low G/High P.. 


before the ignition (vs 5 seconds on earlier tests). This technique reduced the heat losses 
and resulted in good ignition and good burning. The measurement of the combustion 
pressure was lost during this test but was estimated to be about 200 psia. The 
developed films have not been received to date. 

For high G and low pressure (NWC-27) the above technique was used and the 
ignition and sustained burn were very good. The films have not been received to date. 

6. B,C + 15% /Mg-30% /polytetrafluoroethylene + 5% /Zr/binder + 10% 

This fuel was tested at high and low G. 

For low G and high pressure (156 psia) it ignited easily and sustained 
(NWC-16). In the recirculation zone not too many ignited (white) particles were 
observed. A lot of small flakes and some larger ones (0.5 mm X 1.4 mm) were observed 


leaving the surface. At shutdown, big flakes with ignited particles on them left the 
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Figure 5.6 NWC-14/Recirculation Zone; Low G, High P.. 


surface (see Figure 5.11). In the boundary layer region not many ignited particles were 
observed. Flakes left the surface occasionally. Surface irregularities created several 
large surface agglomerates with shedding particles, and after awhile they left the 
surface on top ofa large flake. 

For low G and low pressure (59 psia) the fuel ignited but would not sustain 
(NWC-17). During the pictures only the HTPB (top side) was burning. 

For high G and high pressure (185 psia) the fuel ignited, but would not 
sustain (NWC-23). The pictures were taken after burnout. 

7. ByC+5%/Mg-20%/polytetrafluoroethylene + 5%/Zr/binder + 10% 
This fuel was also tested at low and high G. 
For low G and high pressure (152 psia), it ignited and sustained (NWC-19). In 


the recirculation zone the film revealed ignited particles in the gas phase and on the 





Figure 5.7 NWC-14' Boundary Layer/Low G/High E 


a i Ier TTR 





Figure 5.8 NWC-14, Boundary Layer/Low G/High De 





Figure 5.9 NWC-14/Boundary Layer; Low G/High De 
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Figure 5.10 NWC-14, Boundary Layer/Low G/High Fo: 
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Figure 5.11 NWC-16/Recirculation Zone, Low G High P.. 


surface (see Figure 5.12), and a lot of small and large flakes. Figures 5.13, 5.14 and 5.15 
show the sequence of generation of a large flake. The picture of Figure 5.14 was taken 
0.55 msec after the picture of Figure 5.13 and the picture of Figure 5.15 was taken 0.66 
msec after the picture of Figure 5.14. Characteristics on this flake were that it was large 
and flat, and had ignited particles embedded in it. At the boundary layer region a lot 
of small and moderate size flakes were observed leaving the surface. Many small and 
medium sized particles were also observed in the gas phase. Several large surface 
agglomerates were created, which after awhile left the fuel surface on top of large 
flakes. It was characteristic that the upper edge of these agglomerates sometimes 
ignited (see Figure 5.16). 

For low G and low pressure (57 psia) it ignited and barely sustained. During 


the pictures the metallized fuel was not burning (NWC-20). 


Cn 
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Figure 5.12. NWC-19/Recirculauon Zone/Low G/High P,. 


For high G and high pressure (190 psia) it ignited and did not sustain, but 
when the inlet height was reduced (heigher inlet step) it ignited (P.=173 psia) and 
barely sustained (NWC-24). The film was taken after the shutdown. For high G and 
low pressure (47 psia) it did not ignite. When the combustion pressure was increased to 
98 psia it ignited but would not sustain. 

9. B4C + 15% /Mg-35'%/polytetrafluoroethylene + 10%/Zr/binder + 10% 

With this fuel only low G tests were conducted. 

For high pressure (148 psia), the fuel ignited and sustained even though the 
top torch of the motor had not worked (XWC-21). In the recirculation zone there was 
an absence of ignited particles, probably because of the elimination of most of the 
magnesium in the fuel. A lot of small flakes were observed leaving the surface 
continuously (see Figure 5.17). In the boundary layer region no flakes or burning 


particles were observed. 


56 





Figure 5.13 NWC-19, Recirculation Zone’ Low G; High P.. 


For low pressure (83 psia), the fuel ignited but did not sustain more than one 
second. 
9. B/ Teflon 
This fuel was tested at low and high G conditions. 
At low G and high pressure (149 psia), it ignited and sustained (ARC-2 1). 
In the recirculation zone the film revealed a lot of small and large size (7 mm) flat 
flakes. Burning particles were not observed. However, the presence of a few orange 


glowing particles in the gas phase and on the surface was noteable. Figures 5.18 and 


DM 


.19 show large size flakes in the recirculation zone. Just before shutdown a lot of large 
flakes left the surface of the solid fuel. In the boundary layer region a lot of medium 
sized and some large flakes left the surface. Figure 5.20 shows one large sized flake in 
the gas phase. Burning particles were not observed, probably because of the absence of 


magnesium. 





Figure 5.14 NWC-19/Recirculation Zone/Low G/High Ea 


For low G and low pressure (64 psia), the ignition was difficult and ıt would 
not sustain. By increasing the combustion pressure to 95 psia the fuel ignited easily and 
sustained. In the recirculation zone the film was similar to the one obtained for low G 
and higher pressure (149 psia). In the boundary layer region many more and larger 
flakes were observed at this pressure. Surface agglomerates left the surface on top of 
flakes. Burning particles were not observed. 

For high G and high pressure the fuel just ignited but could not sustain, even 


with very high combustion pressure. 
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Figure 5.15 NWC-19/Recirculation Zone/Low G/High P.. 
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Figure 5.16 NWC-19/Boundary Layer/Low G/High pe: 
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Figure 5.17 NWC-21/Recirculation Zone/Low G/High pa 
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Figure 5.18 ARC-2#1/Recirculation Zone/ Low G/Low Pe 
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Figure 5.19 ARC-2#1’Recirculation Zone’Low G; Low et 
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Figure 5.20 ARC-2#2/Boundary Layer/Low G/High b 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


Due to ignition difficulties at high G, most of the tests were conducted for low G 
conditions, and therefore, enough information was not available to describe accurately 
the effect of inlet air mass flux on the combustion characteristics of the solid metallized 
fuels. However, the results of the experiments showed that the higher air mass flux 
conditions result in poorer ignition characteristics. Insulating one side-wall and 
increasing the air pre-heat time were found to significantly improve ignition 
characteristics. 

The combustion pressure was one of the most important factors that effected the 
ignitability of the solid metallized fuels. For higher pressures the fuels ignited and 
sustained more easilv. Also the combusion characteristics of the metallized fuels were 
effected by the combustion pressure. For lower pressures, the amount and size of the 
flakes ejected from the surface were larger than for higher pressures. 

All the fuels tested exibited a low pressure ignitability limit which was fairly high, 
due to the heat losses of the two dimentional SFRJ motor. The experiments for low 
combustion pressure should be repeated with the SFRJ motor insulated and preheated 
before the ignition. 

The effect of composition was probably most important in this metallized solid 
fuels combustion study. For the fuels tested, it was obvious that the ignited metal 
particles were related directly to the existence of magnesium in the fuel. When 
magnesium was not contained in the fuel there were no ignited metal particles in the 
gas phase or on the fuel surface. This may have been the result of the existence of very 
small particles (< 10 pm)which were beyond the resolution limits of the motion 
pictures. Also, the number of ignited particles was proportional to the amount of 
magnesium contained in the fuel. 

The relative amounts of B,C and Mg in the fuel effected the size of the particles. 
Increasing the B,C and decreasing the Mg resulted in smaller particles and more 
surface flaking. 

The existence of Zr in the fuel also effected the surface flaking. With small 
amounts of Zr in the fuel, flakes were not observed. Those fuels with no Zr or with 
increased quantities exhibited surface flaking. More data are required to clarify this 


observation. 


The existance of polytetrafluoroethylene resulted ın more hot particles on the fuel 
۰10006 

During motor shutdown large surface layers were ejected (often containing hot 
particles), possibly due to thermal gradients or trapped gas. Also during shutdown 
more ignited particles have been observed, probably due to recirculation. These 
observations help explain a behavior observed during actual motor firings. Often the 
ratio of thrust to chamber pressure remains constant during the test, indicating a 
nearly constant exhaust nozzle throat area. However, post-fire examination of the 
nozzle normally shows the existence of significant deposits which reduce throat area. 


Apparently, these deposits are made only during the shutdown proces. 
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APPENDIX A 
SAMPLE COMPUTER PRINTOUT 


KX**  DRE-RUN ZNPUT — exi 


) 2 Li yates 11-12-36 Fuelid$= s0/1% rbar= 14.70 
Hesterfuelze  METhANE igiitiontuel= ETHYLENE Purge gas= NITROGEN 
difl= 77.0000 Jp= PP Lp= 10.150 
= E Dthz „wb 
Tm3= JOE LIE 1.0 Tmb= J.) Tape J. 
beirchike= 1099 vhrfuchoke= G25 
۰ ۰٣٤ Us digifichoke= 130 
٠۷٢٢٤٥٤۴2 ves 
dair= .970 cdh= 770 Cdho= 970 
Cdp= al coifs „976 
Ganrahf= 1.320 Gamralf= ۷ 
(4494302 1.400 | 
Rhf= 76.40 R1f= 0 Rp= 39,36 
Kat f= . 3876 Km1f= ‚4985 Kmp= wee? 
Kah = ‚3287 <malt= „360 
Maird= . 900 Tid uA 
Mh iz 0055 “hads .Je2) DUE „0033 Mod= ‚4000 


xxx DATA EXTRACTED ‘xe 
FLOW RATES IN Lbm/sec, PRESSURE IN Psia, ¡EAPERATURE IN R 


Timelsec) Mair hf Mho Mif Ti F(Lbf) Pc Ph Ta 

DS 1307 — 5654‏ 9.0 01.3 ۵ 0244„ 0063 1470 لن 
562.6 184.7 52:3 0.0 708.9 ۱۷ 0044„ 0042 47 1,00 
47l 0d 0244 — 0.0000 7899.7 — 04 31 191.3 505.5‏ 1.56 
2A 56.4‏ 563 — 0.0 — .045.3 0.0061 0248.— 002 1470 — 295 
dll 19.2 54.3‏ 30 698,9 0.0000 247 00053 4 )25 
503.5 194.7 61.5 6.0 920.4 0.6000 0 41 30 
503.2 176.3 604 2.0 945.3 0.0000 0221 0041 470 3.91 
505.0 204.3 £3 00 ,966 0.0000 — 0250. 0063 370 4.00 
io‏ 202.1 62.4 0.0 — .383.1 9 8 185:, — 0053 .47 )45 
 &l 201.4 503.8‏ 6.0 997.8 6.6030 0250„ 0083 1471 — .5.00 
 .0083 0375  .0033 1005.3. — 10.0 — chi 2.4 — $027‏ 91. — ]5.5 
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APPENDIX B 
SUMMARY OF MOTOR TEST CONDITIONS 














TEST 
NUMBER 


COMMENTS 
161117 "7ء‎ 


psia 


No ignition 


Difficult 





ignition 
and sustain 


Difficule 










ignition. 
Barely 
sustains. 


Good 





ignition. 








No sustain. 
No ignition 


Ignition 






and sustain 
1100 7 
Hard to 










sustain. 





Good igni- 
tion. Good 


sustain. 
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TEST 
NUMBER 


FUEL 
REF. # 
TABLE 5 


> COMMENTS 


75101000 0+ 














psia 


TIL ELON. 
Hard to 
sustain. 


Good igni- 









tion. Good 
sustain. 


208-12 







Ne sustain. 
Ignition. 
Hard to 









sustain. 


Good igni- 





tion. Good 


Sustain. 






ARC2#1 
ARC2#2 















Difficult 





icnition. 


No sustain. 





Good igni- 
tion. Good 


süstain: 





Good igni- 
tion. Good 


sustain. 





Ignition. 







No sustain: 





Good igni- 








tion. Good 


sustain, 
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FUEL 
REF. # 
TABLE 5 


TEST 
NUMBER 


z COMMENTS 


IGNIT./SUST. 












psia 


Ignition: 


Hard to 





sustain. 
Good igni- 
















tion. 
Sustains. 


Good igni- 





tion. Good 
sustain. 


Good igni- 





tion.Barely 
sustains. 


Good igni- 





tion. Good 
sustain: 


Ignitzom 
















No purn.: 
Good igni- 
tion. No 
sustain. 
Good igni- 


tion. NO 





sustain. 
Good Igni- 


tion. 6 


sustain: 





Good igni- 
tion. Barely 
sustains. 


No ignition 
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TESTI PUEL Dih AIR 
NUMBER |REF. # ONLY 
TABLE 5 Jin psia 


c COMMENTS 


TONES /SUST. 








y 48 اا‎ 
7 42 Good igni- 
tion. No 
sustain. 
ARC2#3 9 88 ھ0‎ 
No sustain. 
NWC-26 5 25 Good igni- 
tion. Good 
sustain. 
NWC-27 5 49 = 
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APPENDIX C 
SUMMARY OF OBSERVATIONS 


TEST WINDOW A WINDOW C 


LA condit. 


burned 11 d dark 
Some larger particles. 


NWC-2 18 A: No film: 
A ZZ o 
NWC-3 |11 |dark clean A: No film. 

See C: Non burning fuel. 


NWC-4 |11 oe PETS A: No film. 
A No film. 


NAC=S آ۳‎ clean A: Film át Birh GUC. 
A lot of small white 
and yellow particles. 
: No film (broken). 
NWC-6 |11 dark A: No film. 
C: No film. 


NWC-7 |11 Clean clean : No film 
(Non burning fuel). 
: us 


NWC-8 |11 اا‎ clean : Good film. White and 







COMMENTS ON FILMS 
A=Recirculation zone 









C=Boundary layer region 
A: No film. 

C: Poor pictures. small 

high speed burning 


particles. 





orange/yellow particles. 
Turbulent flow. Unburned 
flakes come off of the 


surface. Eruptions 
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WINDOW A WINDOW C COMMENTS ON ELLMS 


A=Recirculation zone 


Stop condit. | stop condit. C=Boundary layer region 


on the hot surface. 

C: Many burning white 
magnesium particles in 
the gas phase. Glowing 
particles on the surface 
and flaked occasionally. 


Ca alle 


NWC-10 |5.6 |clean/ 56 : No film 
spots (Non burning fuel). 
e اا‎ 











and burning particles. 
A lot of small flakes 






and some larger ones. 


Surface agglomerates. 





C: Many burning medium 





size particles. Low 





trajectories, sometimes 









in contact with the 
surface. No agglomerates 
A: No film 


HWC-11 | A lot of small glowing 


a - E 
NWC-13 |11 clean/ 
Spots 


ا ہس » E:‏ 





(Non burning fuel). 
: Film not received. 


: Not many burning 





particles. Large surface 
flakes. 









: A lot of large 
see Absence of 


















TEST WINDOW A WINDOW C COMMENTS ON FUELS 
A-Recirculation zone 


f- f- ü | 
stoplcondit.  |stop condit. C-Boundary layer region 


burning particles. 
A few glowing particles. 
OA : Surface flaking. 
No particles. 
ARC2#2 |11 |spots 11 [clean : As with ARC2#1. 

: More and larger sur- 
face flakes than for 
higher P_(ARC2#1). 

No particles. 


| 


7 EET 


HE 
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A: Occasional surface 
flakes. Many small and 
large particles. Flakes 
with particles on them 
during shutdown. 

Small ignited particles. 


C: Many small ignited 





particles in gas phase. 


Large agglomerates. 













Periodic flaking. 

A: Many small particles 
in the gas phase 
during shut down. 

C: Film lost. 

: A few ignited 





articles. 
lot of small flakes. 


Large flakes during 
shutdown. 

C: À few ignited 
particles. 


Large agglomerates. 









NEST WINDOW A WINDOW C COMMENTS ON FUELS 


A-Recirculation zone 






Stop condit. 


NWC-17 


Heal? 11 


C=boundary layer region 


A: No film 






(Non burning fuel). 


Ignited particles in 













the gas phase and 
on the surface. 


Small and large flakes. 





C: Small and moderate size 
flakes and particles in 
gas phase. Large 

surface agglomerates. 


A: No film 


Nuc-20 


(Non burning fuel) 
C; -"- 
A: A lot of small flakes. 










Absence of burning 










NNC=21 
particles. 
C: No flakes. 
No particles. 
A: No film 
(Non burning fuel). 


NNC-22 T2 
(EE 
NWC-23 11 |clean/ A: Not used. 
me smoke C: No film 
(Non burning fuel). 
NWC-24 tl |clean A: Not used. 
P CE TIM after burnout., 
Sm لا‎ 
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WINDOW A WINDOW C COMMENTS ON FUELS 
A-Recirculation zone 


c=Boundary layer region 


[ARC283 | 


11 clean/ FP 
spots 
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